Abstract.-The requirements for alkylation and binding of nitrogenous ligands to cobalamins and cobinamides suggest that the central cobalt atom can exist either approximately in the plane of the corrin or axially displaced above this plane.
system from A. aerogenes that catalyzes the reaction: OH I CH37---CH20H~z:CH3CH2--CH(OH)2i--CH,3CH2CHO.
H The labeling data have clearly established the mechanism to be the abstraction of hydride by the 5' carbon of the coenzyme followed by hydroxyl migration and the addition of hydride from the coenzyme to the substrate. 4 The similar 1,2 shift catalyzed by methylmalonyl CoA mutase, COOH / CH3CH=HOOC-CH2-CH2COSCoA, COSCoA cannot be rationalized by an analogous hydride mechanism, since this would require attack of a primary carbonium ion on the carbonyl carbon of the thiolester. The hydrogen transfer mechanisms are probably disparate, although the incorporation of hydrogen from the substrate to the 5' carbon of the adenosyl moiety of the coenzyme appears to be identical to that observed in propanediol dehydrase.'
The cleavage of the carbon-cobalt bond appears to be an intrinsic step in all known B,2-dependent reactions.2 Accordingly, we wish to report on the nature of this carbon-cobalt bond as delineated by ligand binding studies and the spatial relationship of the substituents of the d2 orbital to the corrinoid system. Materials and Methods.-Vitamin B12 was purchased from Pierce Chemical Co. A series of alkyl halides and substituted amines were products of Distillation Products Industries. Aquocobinamide was prepared by the cerous ion-catalyzed hydrolysis of aquocobalamin (B12a) as previously described.6 Alkyl cobinamides were prepared by borohydride reduction of aquocobinamide to Co'-cobinamide followed by addition of the appropriate alkyl bromide or iodide in the dark, and purified by chromatography on Sephadex G-10 and CM-cellulose.
Ligand binding studies were performed at room temperature (230) in the dark, and spectra were recorded with a Cary 14 recording spectrophotometer.
Results.-Properties of secondary alkyl cobinamides: Cyclohexyl cobinamide and sec-butyl cobinamide gave essentially identical spectra. Figure 1 shows the spectrum of cyclohexyl cobinamide before and after photolysis. The photolysis product is identical to authentic aquocobinamide. There are remarkable similarities between the secondary alkyl cobinamide spectrum and that of Co",-cobinamide. In contrast to the latter, however, these alkyl products are not susceptible to air oxidation and are unaffected by the presence of mercaptans, but the alkylated compounds are extremely photolabile. Reaction of methyl cobinamide and cyclohexyl cobinamide with cyanide: Figure   2 shows the spectrum of methyl cobinamide before and after the addition of excess KCN. The spectrum of the methylcyanocobinamide reverts to the original methyl cobinamide spectrum upon acidification and phenol extraction, which shows that cyanide has added to the d6 position only. In contrast, Figure  3 shows that treatment of cyclohexylcobinamide under the same conditions gives dicyanocobinamide on standing, an indication that the carbon-cobalt bond of the secondary alkyl cobinamide is labilized in the presence of cyanide.
Binding of amines to methyl and cyclohexyl cobinamide: The spectra of the simple alkyl-cobinamides are unaffected by pH. However, a nitrogenous ligand in the d6 position profoundly alters the spectrum to yield a spectrum very close to that of methyl cobalamin. Synthesis of cyclohexyl "cobalamin:" The preceding results indicate that the absence of a nitrogen base at da (cobinamide) enables the introduction of a bulky alkyl substituent at the e1 position. However, borohydride reduction of aquo-cobalamin followed by reaction with cyclohexyl or other secondary alkyl halides failed to yield alkylated products. A variety of platinum, palladium, rhodium, and cobalt catalysts, while effecting partial reduction of Co"'-cobalamin, did not enable alkylation even at pH 1.0. By analogy with the properties of the cobinamides, we had expected that protonation of the dimethyl benzimidazole moiety would enable alkylation.
Accordingly, a different route of synthesis was attempted (as shown in Fig. 6 ) that involved reversible blocking of the cobalt as a key step, followed by quaternization of the dimethylbenzimidazole to prevent reassociation. The wellknown displacement of the da ligand by cyanide7 enabled alkylation of N7 of the benzimidazole with methyl iodide in refluxing aqueous methanol in the presence of potassium carbonate. Acidification to pH 2 followed by phenol extraction gave N-methyl monocyano-"cobalamin," with absorption maxima at 351, 495, and 525 mjy. Reduction with borohydride enabled the smooth alkylation by cyclohexyl iodide to form cyclohexyl-"cobalamin"' that had the spectral characteristics of cyclohexyl cobinamide. A control experiment showed that the phosphate ester linking the nucleoside to the C ring of the corrin was not hydrolyzed by the quaternizing conditions.
Discussion.-A fundamental relationship between the polarizability of the carbon-cobalt bond and the steric environment of the cobalt in the B12 coenzymes is established by the chemical and spectroscopic studies reported in this paper. This relationship offers a means of reconciling the apparent differences in mechanism of two similar deoxyadenosyl-B,2-dependent reactions that involve hydrogen transfer to the 5' carbon of the adenosyl moiety, and a means of including the methyl transfer in methionine biosynthesis in a generalized mechanism of B12 coenzymes.
The differences in chemical reactivity of cobinamide (I) when compared with cobalamin (II) were not entirely unexpected. The trans effect is clearly evi-denced by the effect of the d6 substituent on the susceptibility to alkylation. In aquocobinamide, where d6 is H20 or hydroxide, a hindered secondary alkyl halide (cyclohexyl) can easily be attacked by the Co' species. On Thus, it appears likely that the key transition in all coenzyme-Bn2 catalyzed enzymatic reactions may be effected merely by altering the distance of the cobalt-nitrogen bond, which in turn changes the symmetry of the cobalt and the polarization of the carbon-cobalt bond. We shall test this hypothesis by circular dichroism and magnetic resonance studies with model compounds and appropriate enzymatic experiments.
The author gratefully acknowledges Mr. Melvin Spadford for his excellent technical assistance, Drs. Curtis Hare, R. G. Wilkens, and R. M. McLean for helpful discussions, and Dr. W. B. Elliott for the use of his Cary 14 spectrophotometer (provided by USPHS grant no. GM-06241).
